In the present study, a new fluorescence probe based on dithizone-etched CdTe nanoparticles was designed for the sensitive and selective detection of cadmium ions in environmental samples via a reversible off-on fluorescence mode. At first, the initial bright fluorescence of L-cysteine-capped CdTe NPs could be effectively quenched in the presence of dithizone (DZ) due to the chemical etching effect, which results from the breaking of Cd-thiol layers by DZ, thus leading to a decrease in the NPs surface passivation. Then, upon the addition of Cd 2+ , the weak fluorescence of the CdTe NPs-DZ system gradually recovered, owing to the occurrence of Cd-thiol passivation layers on the surface of the NPs.
Introduction
Owing to their non-biodegradability, heavy metals are one of the most hazardous classes of pollutants in water sources, which have caused widespread water pollution, sh contamination, and serious health problems.
1,2 As one of the most prevalent toxic metals in the environment, cadmium ion (Cd 2+ ) is widely present in air, soil, sediment, and water and can accumulate in the kidney, lung, liver, and bones of human beings with a long biological half-life of 20-30 years. 3, 4 Moreover, even at very low concentrations, Cd 2+ can induce a wide variety of health issues including the major killer diseases such as heart disease, cancer, and diabetes. [5] [6] [7] [8] [9] [10] Inevitably, it is highly important to explore efficient methods for monitoring cadmium both in environment and in vivo.
Several analytical techniques, including atomic adsorption spectrometry (AFS), 11, 12 inductively coupled plasma mass spectroscopy (ICP-MS), 13, 14 and electrochemical methods, have been established for the determination of Cd 2+ . [15] [16] [17] Although these techniques generally provide high selectivity and sensitivity, they always require expensive and sophisticated instruments, complicated sample preparation, trained personnel, and high-cost, which limit their wide application. Therefore, there is a need to develop selective, sensitive, facile, rapid, and inexpensive approaches for the determination of cadmium ions. The use of a uorescence probe is an alternative detection method that has the appealing advantages of high sensitivity, operational simplicity, and cost-effectiveness for the trace metal analysis. To date, a large number of uorescent probes based on synthetic organic dyes for the determination of Cd 2+ have been designed.
18,19
Sil et al.
18
developed a phenylene-vinylenefunctionalized terpyridine conjugate-based turn-on uorescent probe for the detection of Cd 2+ in the submicromolar level.
Visscher et al. 19 reported a new uorescence sensor for Cd 2+ and Zn 2+ based on a new acridine derivative. However, some shortcomings, such as relatively complicated synthesis and purication processes, low-uorescence quantum yields, poor water solubility, use of biologically toxic solvents (MeCN, DMSO, and DMF), and weak resistance to photobleaching, still exist among these probes. Compared to traditional organic dyes, colloidal semiconductor nanoparticles (also referred to as quantum dots, QDs) possess a series of merits such as broad excitation and size-tunable emission spectra, low-cost, simple synthetic routes, relatively high quantum yields (QYs), and photochemical stability. Due to these properties, semiconductor nanoparticles are widely used as uorescent nanosensors for the detection of metal ions ( [32] [33] [34] etc. by monitoring the changes in their uorescence intensity. Recently, quantitative detection of heavy metal ions with semiconductor nanoparticles via spectral changes in photoluminescence has been extensively reported. The uorescent chemosensors are based on some sensing mechanism such as photoinduced electron transfer (PET), uorescence resonance energy transfer (FRET), and electronic energy transfer (EET). In general, they work only when they meet certain requirements such as when they have a complementary geometry or are at a particular distance. As a result, methods based on the abovementioned mechanisms are complicated and restrict practical applications. An alternative approach to design uorescent sensors is based on the chemical etching effect, which originates from an etching reagent generating specic recognition sites on the surface of NPs for the selective turn-on detection of an absorber in the detection system. 35 This method can achieve enhanced sensitivity compared to other methods. However, CdTe NPs-based uorescent sensors using dithizone as the etching reagent for the simple detection of cadmium ion by turning the uorescence on have not been developed.
Herein, we propose a new and facile uorescent sensor based on a CdTe NPs-dithizone (DZ) system for the highly selective detection of Cd 2+ in environmental samples. First,
CdTe NPs were applied to detect DZ based on the chemical etching effect by a remarkable uorescence quenching phenomenon. Then, the CdTe NPs-DZ mixture could behave as a turn-on uorescent sensor for the determination of Cd 2+ .
Moreover, this method presented high selectivity and sensitivity for Cd 2+ over other common metal ions.
Experimental

Reagents
All chemicals were of analytical reagent grade and were directly used as received without further purication. Cadmium chloride (CdCl 2 $2.5H 2 O, 99%), sodium borohydride (NaBH 4 , 98%), tellurium powder (Te, 99.999%, $100 mesh), L-cysteine (99%), dithizone (DZ), ethanol, and other routine chemicals were purchased from Shanghai Sinopharm Chemical Reagent Co. Ltd. (China). Unless otherwise stated, ultrapure water was used for the preparation of all the solutions throughout the experiments. Lake water was obtained from Pan-chi in our university, and tap water was obtained from our lab.
Apparatus
Transmission electron microscopy (TEM) images of the L-cysteine-capped CdTe nanoparticles were acquired using a JEOL-200 CX transmission electron microscope (Japan). Size distribution of the particles was measured using a Zetasizer 3000HS Zeta potential/particle sizer (Malvern, UK). X-ray powder diffraction (XRD) spectra were obtained using a Rigaku D/max 2550 X-ray diffractometer equipped with Cu Ka radiation (l ¼ 0.15418 nm). Fourier transform infrared spectra (FT-IR) were obtained using an AVATAR 370 Fourier transform infrared spectrometer (America). A UV-2501PC spectrometer (Shimadzu, Japan) was used to acquire the ultraviolet visible (UV-vis) absorption spectrum. Lifetime measurements were carried out using a steady state and transient state uorescence spectrometer (America). All uorescence measurements were carried out using an RF-5301PC spectrouorophotometer (Shimadzu, Japan) equipped with a 1 cm path-length quartz cell and a xenon lamp with right-angle geometry.
Synthesis of water-soluble L-cysteine-capped CdTe NPs
Herein, based on the previous study, a modied method developed by our group was adopted to synthesize L-cysteinecapped CdTe NPs. 37 The solution was stored in the dark for further experiments aer was cooled down.
Sample preparation for the PL quenching and enhancement
For dithizone detection, a series of solutions were prepared as follows. First, we successively added 200 mL of the as-prepared Lcysteine-capped CdTe NPs solution and different concentrations of dithizone (DZ) ethanol solution (from 0 to 62 mM) to a set of dry 25 mL calibrated asks, diluted them to the calibration mark by adding ultrapure water, and then completely mixed them under gentle stirring to obtain their uorescence spectra aer incubation for 40 min. Eventually, we determined the optimal amount of dithizone (DZ) ethanol solution, which served as the uorescence off reagent for further experiments.
To detect Cd 2+ , 200 mL L-cysteine-capped CdTe NPs stock solution and a certain volume of dithizone (DZ) ethanol solution were respectively added to a set of dry 25 mL calibrated asks, and le to react for 40 min to nish the quenching process. Then, we added different concentrations of Cd 2+ stock solution to the asks, and thoroughly mixed them. All uores-cence measurements were performed under ambient conditions. The excitation and emission slit widths were 5 nm, and the excitation wavelength was set at 328 nm.
Results and discussion
Characterization of the synthesized L-cysteine-capped CdTe NPs
The morphology and structure of the L-cysteine-capped CdTe NPs were characterized via TEM and XRD. The TEM image (Fig. 1A) indicates that the CdTe NPs are close to regular spherical and dispersed well in the aqueous solution with an average size of around 80 nm. Moreover, there are some linkages between the NPs, which visually reveal that L-cysteine was modied onto the NPs surface. Furthermore, we carried out the particle size measurement of the NPs using DLS equipment. As presented in Fig. 1B , the average size of the NPs is 137.4 nm, which is observably larger than that predicted from TEM. This is because the DLS technique provides the mean hydrodynamic diameter of the NPs core surrounded by solvation layers, which can be inuenced by the concentration and viscosity of the solution. 38 The XRD pattern is depicted in Fig. 1B , which was scanned over the 2 theta (q) range of . group of L-cysteine) also disappeared due to the basication of the -NH 3 + group of L-cysteine during the synthesis. The abovementioned results reveal that L-cysteine was successfully modied on the CdTe NPs surface. The UV-visible absorption and uorescence emission spectra were applied to describe the optical properties of the L-cysteine-capped CdTe NPs. As depicted in Fig. 3 , the excitonic peak of the CdTe NPs appears at 547 nm. Upon excitation at 328 nm, the NPs display a narrow and symmetrical uorescence emission peak at 570 nm.
Optimization of the detection conditions
The uorescence of the CdTe NPs was quenched by the addition of dithizone, and then recovered by the sequential addition of 
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Cd 2+ (Fig. 4A) . To obtain the optimal detection conditions, we investigated various possible inuences on the detection. In this study, we rst studied the effect of the reaction medium. Phosphate buffer, ammonium chloride-ammonia buffer, sodium acetate-acetic acid buffer with the same pH values, and ultrapure water were all investigated and the results are shown in Fig. 4B . It can be seen that whether the uorescence is quenched by dithizone or restored by Cd 2+ , the uorescence intensity is the best in ultrapure water, which may be attributed to the ionic strength effect. 40 Therefore, ultrapure water was chosen throughout the experiment.
Reaction time also has an important inuence on the uo-rescence intensity as well as sensitivity of the system. As illustrated in Fig. 4C , the uorescence of the CdTe NPs quickly decreased in the presence of dithizone and stabilized in 40 min. Furthermore, the uorescence recovery of the DZ-CdTe NPs system was accomplished in 40 min. Thus, we chose 40 min as the optimal incubation time for further experiments. The effect of the concentration of CdTe NPs on the uorescence response towards Cd 2+ was also investigated and is displayed in Fig. 4D . It was found that the concentration of 0.20 mM CdTe NPs generates the best enhancement results. Fig. 5 , with an increase in the DZ concentration, the uorescence of the L-cysteine-capped CdTe NPs gradually decreases, and the quenching extent is dependent on the concentration of DZ. Moreover, a slight blue-shi (up to 11 nm) is observed in the uorescence spectrum aer the addition of 62 mM of DZ, which indirectly conrms the occurrence of a reduced diameter because of the absence of the Cd thiol complex around the surface of the NPs, which is in accordance with the size tuning uorescence spectra of the NPs.
37,39
Furthermore, there is a good linear relationship between log(F 0 /F) and DZ concentration in the range of 8-62 mM. The regression equation is log(F 0 /F) ¼ À0.1171 + 0.01359 [DZ] (mM) with a correlation coefficient of 0.998 (Fig. 5, inset) , where F 0 and F are the uorescence intensities of the L-cysteine-capped CdTe NPs in the absence and presence of DZ, respectively. The limit of detection (LOD) for DZ was found to be 2.7 mM using the criterion of three times the standard deviation of the blank signal. In addition, we chose 38 mM DZ for the uores-cence restoration of the L-cysteine-capped CdTe NPs-DZ system induced by Cd 2+ .
The uorescence recovery of the CdTe NPs-DZ by Cd 2+
Accordingly, the addition of Cd 2+ can result in the restoration of the uorescence of the DZ-etched NPs since the introduction of . As listed in Table 1 , it can be seen that the present method has a comparable detection limit and linear range.
Mechanism of the CdTe NPs uorescence switch
To the best of our knowledge, it has been reported that DZ could efficiently quench the uorescence of CdTe NPs by a FRET process because of the spectral overlap between the emission of the CdTe QDs and the absorption of the surface DZ-Cd complex. [45] [46] [47] However, poor spectral overlap between the emission spectrum of the CdTe NPs and the absorption spectrum of DZ-CdTe NPs system can be observed, as shown in Fig. 7A . Therefore, the uorescence quenching of the CdTe NPs by DZ is not caused by FRET in this system. Herein, we propose a hypothesis according to previous studies. 35, 48 Upon the addition of DZ, the uorescence of the NPs is apparently quenched probably due to the broken Cd-thiol complex surface layers. At the same time, Cd 2+ on the surface of the NPs is removed, which accordingly creates specic Cd 2+ recognition sites on the surface. The reaction here could be described as follows: To further prove this hypothesis, we obtained the UV-vis absorption spectra and uorescence spectra in the absence and presence of Cd 2+ . As illustrated in Fig. 7B , dithizone solution in ultrapure water shows three strong absorptions at 245 nm, 440 nm, and 574 nm. Upon mixing with CdTe NPs, the absorption peak of DZ at 574 nm disappears, whereas the intensity of the peak at 440 nm is enhanced with a blue-shi (about 5 nm) (Fig. 7B) , which indicates the formation of a (Cd-DZ) n chelate in the solution. Since the coordination between DZ and Cd 2+ can reduce the atom number of the conjugated system, it leads to an increase in the electronic transition energy. 49 Similar spectral blue shis (up to 11 nm) were also found in the corresponding uorescence spectra of NPs-DZ (in Fig. 5 ). These variations show that DZ etched the surface of the NPs to release cadmium ions. However, upon the addition of Cd 2+ , the position of the peaks does not change, whereas the uorescence of the DZ-etched NPs is recovered in conjunction with a red-shi in the emission spectra (Fig. 6) . Note that the introduction of Cd 2+ does not change the uo-rescence of the unetched CdTe NPs (Fig. 4A) . The above observed spectroscopic variations show a surface defect generation and repair process.
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Moreover, to further conrm the etching effect of DZ on the surface of the NPs, we obtained the FT-IR spectra and performed the PL lifetime measurements. FT-IR was mainly used to prove the formation of dithizone-Cd complexes in the mixture by comparing the FT-IR spectra of DZ, NPs/DZ mixture, and DZ/ Cd 2+ complexes (see Fig. 7C Furthermore, the FT-IR spectra of the NPs/DZ mixture is similar to the FT-IR spectra of the DZ/Cd 2+ complexes, thus indicating the formation of DZ-Cd complexes in the mixture, which also demonstrate that DZ etches the surface of the NPs to leak cadmium ions. In addition, the PL lifetime measurement was also performed to demonstrate the etching effect of DZ on the NPs and the formation of passivation layers around the CdTe NPs. As presented in Fig. 7D , the uorescence intensity signals of the NPs mono-exponentially decayed and the uorescence lifetime of the NPs reduced from 24.3 ns to 20.3 ns aer the addition of 14 mM of DZ, which can be ascribed to the surface chemical etching of DZ around the NPs. 51 However, the uo-rescence lifetime of this NPs-DZ system increased from 20.3 ns to 22.7 ns because of the introduction of 4 mM of Cd2 + , as shown in Fig. 7D . In previous reports, the surface passivation of nanocrystals with high bandgap materials (e.g. QDs) has been conrmed to be a perfect route to improve the PL efficiency and stability of the nanocrystals.
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Moreover, the etching effect of DZ on the NPs was also demonstrated by XPS characterization. As presented in Fig. 8A(a  and b) , a new peak at 399.4 eV (N 1s ), appears in the XPS spectrum of the DZ-etched NPs, which is assigned to the nitrogen atoms in DZ, indicating that DZ is either bound to the surface or forms the DZ-Cd complexes in the solution. However, if DZ was bound to the surface of the material, the binding energy of S 2p should have been shied to a lower binding energy due to the lower binding energy of the S]C bond of DZ according to previous reports. 47, 53 On the contrary, as shown in Fig. 8B (a and b), the peak shape of S 2p of the DZ-etched NPs appears asymmetric and the major peak shis to a high binding energy in our study, conrming that DZ is not bound to the surface of the NPs. Thus, DZ forms the DZ-Cd complexes in the solution. Furthermore, the Cd 3d spectrum of the NPs, as shown in Fig. 8C(a and b) Fig. 8A(b and c) , corresponding to nitrogen atoms in DZ, has no change and the high resolution spectrum of S 2p (Fig. 8B(b and c) ) slightly shis to a high binding energy. Furthermore, the Cd 3d spectra (Fig. 8C(b and c) ) reveal that the binding energy of Cd 3d 5/2 shis to 405.2 eV from 405.0 eV, whereas the binding energy of Cd 3d 3/2 has no change. These data clearly show the formation of Cd-thiol layers, which is in agreement with the previous reports. 54 Moreover, as could be seen in Fig. 8D , the color of the solution changed from colorless to light red, which also demonstrates the formation of coordination bond between DZ and Cd ions. Thus, the result of the XPS analysis is consistent with those of other analyses including UV absorption, FT-IR, and PL lifetime spectra.
Interference study
To evaluate the selectivity of the DZ-etched NPs as a turn-on uorescent probe for Cd 2+ , we studied the uorescence response of the CdTe NPs-DZ system in an environment with various relevant metal ions. As shown in Fig. 9 
Real sample detection
The viability of the as-fabricated L-cysteine-capped CdTe NPsbased uorescent sensor was evaluated in the determination of Cd 2+ in lake and tap water samples. From the results presented in Table 2 , it could be seen that the average recoveries in the real samples vary from 97.21% to 107.60%, and the relative standard deviation (RSD) is lower than 5%, which suggest the validity of this method. Thus, the proposed sensor has good reliability for potential practical application.
Conclusions
In summary, we developed a novel and convenient method based on DZ-etched CdTe NPs for the determination of Cd 2+ in aqueous media. Beneting from simple, sensitive, and selective features, the as-prepared DZ-etched CdTe NPs work as an effective uorescence sensor, showing a wide linear response range (0.4-15.4 mM), low detection limit (0.13 mM), good biocompatibility, and high selectivity for the quantitative determination of Cd 2+ . We believe that our ndings present a possible approach for the future research on the design of highly sensitive biosensors. 
